INTRODUCTION 71
SCD is a devastating disease resulting from a single mutation (Glu7Val) in Hb that 72 causes red blood cells to assume a rigid curved shape that blocks their passage through the 73 vasculature. Obstruction of capillaries by sickled red blood cells results in ischemia, severe pain, 74 and necrosis. Additionally, RBCs in SCD patients are susceptible to hemolysis resulting in 75 chronically elevated plasma levels of free Hb that can skyrocket during hemolytic crises (26).
Free Hb in the circulation can scavenge nitric oxide (NO) produced by endothelial cells, leading 77 to vasoconstriction that compounds vaso-occlusion (34). Exposure of cells to heme proteins 78 also triggers the production of cytotoxic reactive oxygen species (34) . 79
With the development of treatment regimens to increase life expectancy, kidney 80 manifestations of SCD have become increasingly appreciated. There are numerous renal 81 complications in SCD, including glomerulopathy, acute kidney injury, chronic kidney disease, 82 impaired urinary concentrating ability, and distal nephron dysfunction. Kidney disease currently 83 accounts for >15% of mortality in SC patients (20) . These complications are due in part to the 84 propensity of red blood cells to sickle in the hypoxic renal medulla. However, exposure of kidney 85 cells to Hb liberated during hemolysis also plays an important role in the progression of renal 86 disease. Released Hb dimers (consisting of α-and β-globin chains, each with MW ~16 kDa) are 87 readily filtered into the tubule lumen with a fractional filtration coefficient of 0.03 (18) . At the 88 normal plasma level of Hb of 3 mg/dL (2 µM), the concentration in the glomerular ultrafiltrate 89 entering the kidney tubule lumen is very low, ~60 nM. However, plasma concentrations of Hb 90 are chronically about tenfold higher in SCD patients, and during hemolytic crisis, the 91 concentration of plasma Hb can approach 1 g/dL, resulting in tubular concentrations above 15 92
µM (21). 93
Filtered Hb is taken up by the multiligand receptors megalin and cubilin, which are 94 abundantly expressed in the S1 segment of the kidney proximal tubule (7). Previous studies 95
show that Hb binds to megalin and cubilin with relatively high affinity [1.7 µM and 4.1 µM, 96 respectively (11)]. Megalin and cubilin also bind with comparable affinities to a large number of 97 other filtered low molecular weight (LMW) proteins and other ligands, including vitamin D 98 binding protein, intrinsic factor-cobalamine (vitamin B12), and parathyroid hormone (10). In 99 addition, megalin and cubilin take up the low level of albumin that normally escapes the 100 glomerular filtration barrier. Disruption of the apical endocytic pathway leads to tubularproteinuria (aka LMW proteinuria), that if left unchecked can trigger inflammation and fibrosis 102 resulting in end stage renal disease (22) . 103
The PT is known to be especially sensitive to heme toxicity, and cytoprotective 104 responses (upregulated expression of ferritin, ferroportin, heme-oxygenase I, heme oxygenase 105 II, Hpt, and hemopexin) have been well characterized in response to heme-induced injury (19, 106 31) . Consistent with this, tubular proteinuria has been reported in a significant fraction of SCD 107 patients, and particularly in younger patients (3, 16, 17) . These patients also exhibit increased 108 excretion of urinary biomarkers characteristic of tubular injury (27) . Tubular proteinuria in these 109 patients frequently occurred independently of glomerular dysfunction, suggesting that PT injury 110 is an initiating step in the cascade leading to chronic kidney disease in SCD patients. 111
PT function, including the uptake of filtered megalin/cubilin ligands, is highly responsive 112 to changes in fluid shear stress that accompany tubular flow (25, 32) . Because NO mediates 113 mechanosensitive responses in endothelial cells, we wondered whether Hb released into the 114 tubule lumen during hemolytic crises might scavenge NO to impair apical endocytosis. To test 115 this, we assessed whether exposing PT cells to levels of Hb expected during SCD crisis affects 116 uptake of albumin. We found that Hb inhibits albumin uptake by PT cells in a dose-dependent 117 manner. Surprisingly, the effect of Hb is independent of any effect on NO and instead results 118 from direct competition for uptake by megalin/cubilin receptors. Impaired uptake of normally 119 filtered megalin/cubilin ligands uptake during hemolytic crisis may explain clinical manifestations 120 of SCD of unknown etiology. 121
RESULTS

122
Hemoglobin inhibits receptor-mediated albumin uptake by proximal tubule cells. To test 123 whether the NO scavenging by Hb affects PT endocytosis, we incubated polarized OK cells for 124 with OxyHb being significantly more potent (9). As an additional control, we also pretreated cells 127 for 30 min with the NO scavenger L-NAME (L-N G -Nitroarginine methyl ester, 100 µM) before 128 adding fluorescent albumin. Cells were then washed extensively and cell-associated albumin 129 was visualized in fixed cells by confocal microscopy (Fig. 1A) or quantified by spectrofluorimetry 130 (Fig. 1B) . As we previously demonstrated, Alexa Fluor 647-albumin readily accumulated in 131 intracellular vesicular compartments in OK cells (25) . Addition of any of the three forms of Hb 132 during the albumin incubation profoundly inhibited the uptake of albumin by PT cells. In contrast, 133 L-NAME had no apparent effect on albumin uptake. Quantitation of albumin uptake by 134 spectrofluorimetry in multiple experiments confirmed these qualitative observations ( Fig 1B) . 135
OxyHb also inhibited albumin uptake in human proximal tubule HK-2 cells, which also express 136 megalin/cubilin but have a markedly lower endocytic capacity than OK cells (Fig. 1C) . 137
The insensitivity of albumin uptake to L-NAME and the equivalently robust inhibition we 138 observed using Hb forms with different NO scavenging capabilities suggest that the effect of Hb 139 on albumin uptake is independent of NO and independent of the heme reduction state. We 140 hypothesized that Hb may be directly competing with albumin for binding to megalin/cubilin. Hb 141 has been demonstrated using surface plasmon-reference analysis to bind to megalin and cubilin 142 with affinities of 1.7 µM and 4.1 µM, respectively (11). In comparison, albumin binds to OK 143 apical membranes with a Kd of 0.3 µM (12). 144
Normalized data from multiple experiments demonstrated a dose-dependent effect of 145
OxyHb on albumin uptake with an estimated half-maximal inhibitory concentration of ~5 µM 146 (Fig. 2) . OxyHbS containing the SCD-causing mutation Glu7Val inhibited with a similar dose-147 response. However, we still observed about 15% residual albumin uptake even when high 148 concentrations of OxyHb (up to 250 µM) were added. 149
Western blotting confirmed that prolonged exposure of human PT cells to Hb caused a 150 dramatic elevation in heme-oxygenase 1 as previously reported; however little if anyupregulation was observed within 4 h of incubation (Fig. 3A) . To confirm that the inhibitory effect 152 of Hb on albumin endocytosis was not due to cellular toxicity, we pre-incubated cells with 153
OxyHb for up to 5 days with 10-50 µM OxyHb, then washed the cells and examined the effect 154 on endocytosis of AlexaFluor 647-albumin in the absence of competing Hb. As shown in Fig.  155 3B, pre-incubation with Hb had no effect on albumin uptake. Consistent with our previous 156 results above, inclusion of 10 µM OxyHb in the apical medium during the 1 h uptake period 157 reduced albumin endocytosis by >60%. In contrast, when OxyHb was added to the basolateral 158 medium of the transwell filter supports, it had no effect on albumin uptake (not shown). 159
Albumin inhibits hemoglobin uptake by proximal tubule cells. Hb has previously been shown to 160
be internalized by cells in the PT via a megalin-dependent pathway (11). In those studies, 161 addition of BSA did not inhibit Hb binding, suggesting that albumin and Hb may interact with 162 distinct sites on megalin/cubilin. To examine this in OK cells, we incubated OK cells with 1 µM 163 apically added AlexaFluor 568-OxyHb for 1 h, then fixed and imaged the cells. As shown in Fig.  164 4A, Hb was internalized into vesicular compartments similar to those observed with fluorescent 165 albumin (Fig. 1A) . As expected for a receptor-mediated event, uptake was abolished by 166 inclusion of excess unlabeled Hb during the incubation period (Fig. 4A) . We also observed 167 significant inhibition of Hb uptake upon inclusion of 30 µM albumin (Fig. 4A ). To test this further, 168
we examined the dose-dependence of albumin inhibition of Hb uptake using our 169 spectrofluorimetry assay. In these experiments we found that 50 µM unlabeled Hb inhibited the 170 uptake of fluorescently-conjugated Hb by ~75%. and 30 µM albumin inhibited Hb uptake by 171 ~50% (Fig. 4B) . 172
Haptoglobin inhibits Hb uptake by PT cells and restores albumin endocytosis. Hpt is a large 173
(unfiltered) protein in serum that binds with very high affinity (estimated K D > 10 -12 M) to the 174 dimer-dimer interface of Hb (4) (1, 5). We found that 10 µM Hpt inhibited uptake of AlexaFluor 175 568-OxyHb by OK cells (Fig.5A) . We used our spectrofluorimetry assay to confirm thisquantitatively. However, because of the prohibitive cost of Hpt, we performed these assays with 177 low concentrations of OxyHb (7.5 µM) and stoichiometric amounts of Hpt. As shown in Fig. 5B,  178 addition of 7.5 µM OxyHb to OK cells inhibited the uptake of AlexaFluor 647-albumin by ~30%. 179
Pre-incubation of 7.5 µM OxyHb for 30 min with 7.5 µM Hpt restored albumin uptake to nearly 180 control levels (Fig 5B) . Hpt also reversed the inhibitory effect of HbS on albumin uptake with 181 comparable efficacy (not shown). Addition of 7.5 µM Hpt without Hb resulted in a minor but not 182 statistically significant reduction in albumin uptake, suggesting that Hpt itself may weakly inhibit 183 albumin uptake as well. homology to the Hb sequences were inspected for similar secondary structure. Three regions ofalbumin with sequence homology and similar secondary structure were identified. (Fig 6) . Based 202 on these results we conclude that helices G and H in Hb may be involved in the interaction with 203 megalin/cubilin. 204
DISCUSSION 205
Our results demonstrate that binding of Hb to megalin/cubilin competes directly for the 206 uptake of albumin by PT cells. We observed potent inhibition of albumin uptake by 207 concentrations of Hb predicted to enter the tubule lumen in patients during hemolytic crisis. We 208 hypothesize that competition for ligand binding by excess Hb in the tubule lumen, rather than 209 cytotoxic responses to heme, are the cause of tubular proteinuria frequently observed in SCD 210 patients. Additionally, loss of these ligands may contribute to impaired vitamin homeostasis in 211
SCD patients. 212
We found that 5 µM Hb and HbS inhibited albumin uptake by ~50%, however we were 213 unable to fully prevent uptake even at much higher concentrations of Hb. This suggests that 214 albumin binds to multiple sites on megalin/cubilin, only some of which are inhibited by Hb. This 215 is likely given that these receptors contain multiple ligand binding domains to engage a broad 216 array of filtered ligands (10). Additionally, non-receptor mediated mechanisms may contribute to 217 the small amount of residual albumin uptake at high Hb concentrations. 218
Our data suggest that the interaction site for Hb with megalin/cubilin overlaps the Hpt 219 binding site within the dimer-dimer interface. Based on this finding and upon BLAST searches 220 for regions of homology between albumin and Hb that map to this interface, we identified three 221 sequences in albumin as putative binding motifs for megalin/cubilin, due to their sequence and 222 structure similarities with Hb domains that are involved in Hpt binding. 223 A surprising finding is that whereas PT cells are highly sensitive to Hb, we did not 224 observe any apparent toxicity in OK or HK-2 cells even after prolonged exposure to OxyHb. (28). Cubilin-deficient dogs also have lower serum levels of mono-and dihydroxylated vitamin 247 D 3 metabolites (24). Although we did not test whether Hb competes for uptake of VDBP, it is 248 notable that VDBP is highly homologous to albumin (8). Our studies provide a potential 249 mechanism to explain the early steps in the development of kidney disease and suggest the 250 possibility that selectively targeting the interaction of Hb with megalin/cubilin may have 251 therapeutic value beyond simply preserving PT function in SCD patients 252
MATERIALS AND METHODS 253
Cell culture. All cell culture reagents were from Sigma unless otherwise specified. Opossum 254 kidney (OK) cells (Didelphis virginiana, adult female, kidney cortex) were cultured in DMEM/F12 255 medium with 10% FBS (Atlanta Biologicals) and 5 mM GlutaMAX (Gibco). HK-2 cells (Homo 256 sapiens, adult male, cortex/proximal tubules, papilloma immortalized) were cultured in 257 DMEM/F12 with 5 µg/mL insulin, 0.02 µg/mL dexamethasone, 0.01 µg/mL selenium, 5 µg/mL 258 transferrin, 2 mM L-glutamine, and 10% FBS (Atlanta Biologicals). , solubilized in 300µL 20 mM MOPS, pH 7.4/0.1% TritonX-100 for 30 min shaking 276 at 4°C, and fluorescence quantified using the GloMax Multi-Detection System (Promega). Cells 277 on filters used for imaging were washed, fixed in 4% paraformaldehyde, and imaged using a 278 Leica TCS SP5 confocal microscope. Maximum projections of confocal stacks were created in 279
FIJI. 280
Heme Oxygenase 1 expression. 5x10 5 HK-2 cells were cultured as above in the presence of 50 281 µM OxyHb for the indicated periods, then washed, solubilized, and lysates blotted using rabbit 282 polyclonal anti HO-1 antibody (1:1500; Abcam ab137749) and mouse monoclonal β-actin 283 antibody (1:5000; Sigma A1978). 284
Hemoglobin preparation and quantitation. Hemoglobin A (HbA) was isolated from expired RBC 285 units as described (14, 29) . Sickle hemoglobin (HbS) was obtained from Sigma. Hb 286 concentration and oxidation state was determined by spectral deconvolution using HbA 287 standard spectra for met, oxy and deoxy species as previously reported (14, 29). Hb 288 concentrations are calculated per mole of heme. Hb was conjugated to AlexaFluor 568 using 289 the Protein Labeling Kit (Thermo Fisher Scientific) according to the manufacturer's instructions. 290
Sequence and structure analysis. Sequences of human Hbα, Hbβ, and albumin were retrieved 291 from uniprot (Hb α P69905, Hb β P68871, Albumin P02768). We compared the solvent 292 accessible surfaces of the hemoglobin dimer in the absence and in the presence of Hpt as 293 observed in the Hpt-Hb complex (PDB: 4F4O)(4). The sequences for the individual helices that 294 form the main interactions with Hpt (Hb α helices G, H and Hb β helices G and H) were aligned 295 against the sequence of human albumin using the BLAST and CLUSTAL W software (2, 30). 296
The sequences identified in human albumin were compared to the available structure of human 297 albumin (PDB: 3SQJ) (13) to evaluate secondary structure conservation. Protein structures and 298 electrostatic surface potentials were generated with PyMOL Molecular Graphics System (2002) 
